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ABSTRACT
The overwhelming foreground contamination hinders the accurate detection of the
21-cm signal of neutral hydrogen during the Epoch of Reionization (EoR). Among
various foreground components, the Galactic free–free emission is less studied, so that
its impact on the EoR observations remains unclear. In this work, we employ the
observed Hα intensity map with the correction of dust absorption and scattering,
the Simfast21 software, and the latest SKA1-Low layout configuration to simulate
the SKA “observed” images of Galactic free–free emission and the EoR signal. By
calculating the one-dimensional power spectra from the simulated image cubes, we find
that the Galactic free–free emission is about 103.5–102.0, 103.0–101.3, and 102.5–101.0
times more luminous than the EoR signal on scales of 0.1 Mpc−1 < k < 2 Mpc−1 in
the 116–124, 146–154, and 186–194 MHz frequency bands. We further analyse the
two-dimensional power spectra inside the properly defined EoR window and find that
the leaked Galactic free–free emission can still cause non-negligible contamination, as
the ratios of its power (amplitude squared) to the EoR signal power can reach about
200%, 60%, and 15% on scales of 1.2 Mpc−1 in three frequency bands, respectively.
Therefore, we conclude that the Galactic free–free emission, as a severe contaminating
foreground component, needs to be carefully treated in the forthcoming deep EoR
observations.
Key words: dark ages, reionization, first stars — early universe: data analysis —
techniques: interferometric
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1 INTRODUCTION
A phase transition occurred when the first stars and galaxies
began to form after the Dark Ages (z ∼ 30–200) and the
© 2020 The Authors
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Cosmic Dawn (z ∼ 15–30). During this phase transition, the
UV photons emitted from the first ionizing sources (e.g., first
stars, galaxies, and quasars) reionized most of the hydrogen
in the ambient intergalactic medium (IGM), so that the
corresponding period is named the Epoch of Reionization
(EoR; z ∼ 6–15) (e.g., Furlanetto & Briggs 2006; Morales &
Wyithe 2010; Loeb & Furlanetto 2012; Koopmans et al. 2015;
Furlanetto 2016). The ionized regions are expected to appear
as bubbles, which gradually grew larger and finally merged.
Statistical information about the expansion of ionized bubbles
and these astrophysical sources are encoded in the power
spectrum of EoR signal, which is a statistical measurement
of the fluctuations in k-space (e.g., Sims et al. 2016). Among
various EoR probes, the redshifted 21-cm hyperfine emission
line is expected to be the most promising one (Furlanetto
2016), which provides a wealth of information about both
the first ionizing sources and the ionization states of IGM
(Cooray 2004; Bharadwaj & Ali 2004). Theoretical models
have predicted that the brightness temperature of the EoR
signal is about the order of 10 mK (e.g., Mesinger et al. 2011).
However, the overwhelming foreground contamination is the
primary obstacle to accurately detect the extremely weak
EoR signal.
During the past decade several low-frequency radio inter-
ferometers have been designed and constructed to probe the
EoR signal, including the LOw Frequency ARray (LOFAR;
van Haarlem et al. 2013)1, the Giant Metrewave Radio Tele-
scope (GMRT; Paciga et al. 2013)2, the Murchison Widefield
Array (MWA; Tingay et al. 2013)3, the 21 Centimetre Array
(21CMA; Wang et al. 2010), and the Donald C. Backer Pre-
cision Array for Probing the Epoch of Reionization (PAPER;
Parsons et al. 2010)4. The next-generation instruments such
as the Hydrogen Epoch of Reionization Array (HERA; De-
Boer et al. 2017)5 and the Square Kilometer Array (SKA;
Mellema et al. 2013; Koopmans et al. 2015)6 have also been
in construction to achieve larger collecting area and higher
1 http://www.lofar.org/
2 http://www.gmrt.ncra.tifr.res.in
3 http://www.mwatelescope.org/
4 http://eor.berkeley.edu/
5 http://reionization.org/
6 https://www.skatelescope.org/
sensitivity. However, there are still a variety of challenges to
be addressed in these instruments, such as the ionospheric
distortions, the frequency artifacts, and the 3–5 orders of
magnitude overwhelming foreground contamination (Shaver
et al. 1999; Morales & Wyithe 2010).
The majority of foreground contamination is contributed
by the Galactic synchrotron emission (∼70%) and extragalac-
tic point sources (∼27%; Shaver et al. 1999; Di Matteo et al.
2004; Murray et al. 2017; Spinelli et al. 2018). Among vari-
ous foreground components, the Galactic free–free emission
(. 1%) is less studied, so that its impact on the EoR signal
is still poorly understood. At intermediate and high Galactic
latitudes, the Galactic synchrotron component dominates the
emission at frequencies lower than 10 GHz, the dust thermal
emission becomes overwhelming at frequencies higher than
100 GHz, whereas the Galactic free–free emission becomes
important in 10–100 GHz frequency band and may reach
the comparable levels to the cosmic microwave background
(CMB) fluctuations and other foregrounds (e.g., anomalous
microwave emission: AME, synchrotron emission, etc.) de-
pending on sky position (Planck Collaboration XXIII. 2015;
Planck Collaboration XXV. 2015; Planck Collaboration IX.
2016; Planck Collaboration X. 2016; Planck Collaboration
XIII. 2016). However, the Hα emission line (the 3–2 transi-
tion of the hydrogen atom at λ = 656.28 nm) provides a novel
way to trace the Galactic free–free emission away from the
Galactic plane, i.e., intermediate and high Galactic latitudes,
since they share the same emission measure EM ≡
∫
n2edl (ne
is the electron density; e.g., Dickinson et al. 2003). For exam-
ple, the brightness temperature of Galactic free–free emission
has been related to the Hα intensity by Valls-Gabaud (1998),
and a Galactic free–free emission map at 30 GHz covering
95% of the sky (except the area |b| < 5°, l = 160°–0°–260°)
has been proposed by Dickinson et al. (2003). Note that the
above results may have been biased since the observed Hα in-
tensities used in these works are often misunderstood, due
to dust absorption and scattering, especially in the Galactic
plane (e.g., Dennison et al. 1998; Dickinson et al. 2003). In
this work, we derive a more reliable all-sky Galactic free–free
emission map by applying the correction of dust absorption
and scattering to the observed Hα intensity map. Meanwhile,
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we employ the Simfast21 code to simulate the brightness
temperatures of the EoR signal. To incorporate the instru-
mental effects, the latest SKA1-Low layout configuration is
considered. By analysing the power spectra and the EoR
window (implying foreground removal and avoidance meth-
ods; e.g., Chapman et al. (2016); Sims et al. (2016); Li et al.
(2019)), we quantitatively evaluate the contamination caused
by Galactic free–free emission on the EoR detection.
This paper is structured as follows. We present the cal-
culations of the foreground components including the Galac-
tic free–free emission, Galactic synchrotron emission, and
extragalactic point sources in Section 2. In Section 3, we
simulate the EoR signal by using the new version of Sim-
fast21 software. In Section 4, we employ the latest SKA1-
Low layout configuration to incorporate the instrumental
effects to the simulated the SKA “observed” images of fore-
ground components and the EoR signal. We briefly introduce
the power spectra and EoR window in Section 5, and then
quantitatively evaluate the contamination caused by Galac-
tic free–free emission on the EoR signal in Section 6. In
Section 7, we present the impacts of sky positions and fre-
quency artifacts on the EoR detection and show the effect
of Galactic free–free emission on the component separation.
Finally, we summarize our work in Section 8. Throughout
this work a ΛCDM cosmology is assumed with parameters
of Ωm = Ωdm + Ωb = 0.3089, Ωb = 0.0486, ΩΛ = 0.6911,
Hubble constant H0 = 67.74 km s−1 Mpc−1, power spectrum
index ns = 0.9667, and the normalisation σ8 = 0.8159 (Planck
Collaboration XIII. 2016).
2 SIMULATION OF FOREGROUND
COMPONENTS
We simulate the low-frequency radio sky by considering
the Galactic free–free emission, Galactic synchrotron emis-
sion, and extragalactic point sources, with an emphasis on the
Galactic free–free emission. We choose the sky map centered
at (R.A., Dec.) = (0°, −30°) with a sky coverage of 10° × 10°,
which locates at a high galactic latitude (l, b) = (16°, −78°)
and is expected to be an appropriate choice for this study
(region A in Figure 1). Moreover, this region passes through
the zenith of the SKA1-Low telescope and is an ideal choice
to simulate the SKA observation (more details see Section 4).
Each simulated sky map is divided into 1800 × 1800 pixels
with a pixel size of 20′′ in Cartesian projection. We choose
three representative frequency bands of 116–124, 146–154,
and 186–194 MHz, with a frequency bandwidth of 8 MHz to
limit the cosmological evolution in the calculation of power
spectrum of the EoR signal (e.g., Thyagarajan et al. 2013; Li
et al. 2019). For each frequency band, the 8 MHz bandwidth
is divided into 51 channels with a frequency resolution of
160 kHz to carry out the calculations.
2.1 Galactic Free–free Emission
We derive the Galactic free–free emission from the ob-
served Hα intensity map. Finkbeiner (2003; F03 hereafter)
released an all-sky Hα intensity map7 at a resolution of 6′
by combining three Hα surveys, i.e., Virginia Tech Spec-
tral line Survey (VTSS8; Dennison et al. 1998), Southern
H-Alpha Sky Survey Atlas (SHASSA9; Gaustad et al. 2001),
and the northern sky survey of Wisconsin H-Alpha Mapper
(WHAM10; Haffner et al. 2003). In 2009, The WHAM was
moved to Cerro Tololo in Chile to observe the southern sky
to complete a full-sky Hα survey with approximately 1° res-
olution, known as Wisconsin H-Alpha Mapper Sky Survey
(WHAM-SS) (Haffner et al. 2010). Given the higher spatial
resolution, we employ the F03 Hα intensity map, incorporat-
ing the E(B−V) color map and the 100 µm infrared intensity
map (Schlegel et al. 1998) that have been used to correct
the dust absorption and scattering, to deduce the Galactic
free–free emission map.
7 https://faun.rc.fas.harvard.edu/dfink/skymaps/
8 http://www.phys.vt.edu/~halpha
9 http://amundsen.swarthmore.edu/SHASSA
10 http://www.astro.wisc.edu/wham
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2.1.1 Dust-correction of Hα Intensity
Bennett et al. (2003) proposed a method to correct the
absorption of the F03 Hα intensity map IobsHα (r)
Ia−corrHα (r) = IobsHα (r) τHα(r) / (1 − e−τHα (r)), (1)
where IobsHα (r) (r is the two-dimensional position) is the ob-
served Hα intensity in units of Rayleigh (R)11, and τHα(r)
is the optical depth at Hα wavelength that can be derived
based on the E(B−V )(r) color map provided by Schlegel et al.
(1998) (e.g., τHα(r) = 2.2 E(B−V )(r); Bennett et al. 2013).
Furthermore, we apply an approximate scattering cor-
rection method (Witt et al. 2010; Brandt & Draine 2012) to
correct the scattering of Hα intensity based on the dust 100
µm infrared emission
Is−corrHα (r) = IobsHα (r) − 0.11 I100 µm(r), (2)
where Is−corrHα (r) is the scattering-corrected Hα intensity in
units of R, I100 µm(r) is the 100 µm infrared intensity of
Schlegel et al. (1998) in units of MJy sr−1, and the coefficient
0.11 is the mean values given by Witt et al. (2010) (0.129 ±
0.015 R/MJy sr−1) and Brandt & Draine (2012) (0.090 ±
0.017 R/MJy sr−1). Although the correlation was measured
in regions where τHα(r) < 1, we apply this relation over the
entire sky by following Bennett et al. (2013), for the regions
at intermediate and high Galactic latitudes, on which we will
focus in this work, meet the requirements of optically thin.
In the analyzed 10° × 10° region, the Hα intensity is about
0.5–1.0 R, and the 100 µm infrared intensity shows a mean
value of 0.8 MJy sr−1, so that the scattering-corrected effect
is about 9%–18%. In the top panels of Figure 1, we present
the observed F03 Hα intensity map, the E(B−V )(r) map, and
the 100 µm infrared intensity I100 µm(r) map. It is clearly
shown that the emissions of IobsHα (r), E(B−V )(r), and I100 µm(r)
11 1 Rayleigh (R) ≡ 106/4pi photons s−1 cm−2 sr−1 ≡ 2.41 ×
10−7erg cm−2 s−1 sr−1, Ia−corrHα (r) is the absorption-corrected Hα in-
tensity in units of R
are concentrated on the Galactic plane, which show typical
values of 0.8 R, 0.1 mag, and 1.0 MJy sr−1 at high latitudes,
respectively.
2.1.2 Distribution of Galactic Free-free Emission
The received Hα intensity depends on whether the emit-
ting medium is optically thin (case A) or optically thick (case
B), and it is found that case B is satisfied in the study of
Galactic Hα emission (Osterbrock 1989). For case B, Valls-
Gabaud (1998) proposed an analytical expression to describe
the relationship between the observed Hα intensity IobsHα (r)
and the emission measure EM(r)
EM(r) = 2.561 T1.0174 (r) 100.029/T4(r) IobsHα (r) [cm−6 pc], (3)
where EM(r) is in units of cm−6 pc, and T4(r) = Te(r)/104 is
the electron temperature in units of 104 K. Using Equation 3
the optical depth of Galactic free–free emission τc(r) can be
derived by
τc(r) = 0.05468 g(r) Te(r)−3/2 ν−29 EM(r), (4)
where Te(r) is in units of K, ν9 = ν/109 Hz is the observed
frequency in units of GHz, and g(r) is the gaunt factor that
can be derived by
g(r) = log{exp[5.960 −
√
3/pilog(ν9(r)T4(r)−3/2)] + e}, (5)
where e = 2.718 28.... is the natural constant (Draine 2011).
The above three Equations are valid in the frequency range of
100 MHz–100 GHz and are often quoted to deduce the Galac-
tic free–free emission, which can be expressed in brightness
temperature as
TGffb (r) = Te(r) [1 − exp(−τc(r))], (6)
MNRAS 000, 1–16 (2020)
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Table 1. The rms brightness temperatures of the EoR signal and
foreground components (Unit: mK).
Components 120 MHz 190 MHz 190 MHz
EoR signal 22.5 12.4 3.30
Galactic free–free 296 186 114
Galactic synchrotron 5.15 × 105 2.61 × 105 1.27 × 105
Extragalactic point sources 3.69 × 108 8.38 × 107 2.97 × 107
Masked extragalactic point sources 3.44 × 105 1.29 × 105 9.16 × 104
Note that the rms brightness temperatures are calculated over
the sky coverage of 10° × 10° on the 1800 × 1800 pixels.
where TGffb (r) is the brightness temperature of Galactic free–
free emission, and τc(r) is given by Equation 4.
We present the full-sky electron temperature Te(r) map
proposed by Planck Collaboration X. (2016), the derived
Galactic free–free optical depth τc(r) map, and the Galac-
tic free–free emission TGffb (r) in the bottom panels of Fig-
ure 1 (the maps of τc(r) and TGffb (r) at 150 MHz are shown
for instance). We find that, at high latitudes, the electron
temperature Te(r) is about 7000 ± 1000 K, and the opti-
cal depth is τc(r) . 10−4 (optically thin). It is also found
that the Galactic free–free emission is concentrated on the
Galactic plane, which shows a typical brightness tempera-
ture of 0.3 K at high latitudes. In the Galactic plane, the
Galactic free–free emission is optically thick due to the self-
absorption, which becomes important at lower frequencies
(∼50–200 MHz), whereas at high latitudes this effect is pre-
sumably unimportant, i.e., the optically thin approximation
holds. We present the 150 MHz example Galactic free–free
emission map (10° × 10°) centred at (R.A., Dec.) = (0°, −30°)
(region A) in Figure 2 (top left panel). The root-mean-square
(rms) brightness temperatures of Galactic free–free emission
at 120, 150, and 190 MHz are listed in Table 1, respectively.
2.2 Galactic Synchrotron Emission
We construct the Galactic synchrotron map based on the
Haslam 408 MHz map (Haslam et al. 1981, 1982). Specifically,
we utilize the high-resolution Haslam 408 MHz map12 repro-
cessed by Remazeilles et al. (2015) (Nside = 2048, pixel size is
12 The reprocessed Haslam 408 MHz map: http://www.jb.man.ac.
uk/research/cosmos/haslam_map/
∼1.72′; RH408 hereafter), which exhibits better calibration
and extragalactic source removal. The Galactic synchrotron
sky map at required frequency is then obtained by extrapo-
lating the RH408 MHz map TGsynRH408(r) using a power-law form
(e.g., Wang et al. 2010; Thorne et al. 2017; Li et al. 2019)
TGsynb (r) = T
Gsyn
RH408(r) (
ν
RH408
)−αGsyn(r), (7)
where αGsyn(r) is the corresponding spectral index map. Al-
though Lawson et al. (1987) (L87 hereafter) proposed a
spectral index map within 38–1420 MHz, there is no data of
the southern sky. To account for the region-to-region index
variations, the all-sky synchrotron spectral index map pro-
vided by Miville-Descheˆnes et al. (2008) (MD08 hereafter)
is employed. Compared with the L87 map (' 2.4–2.7), the
MD08 map shows values of ' 2.7–3.3, which may cause the
synchrotron emission to be about 30% brighter than the
actual situation. Whereas the Galactic synchrotron emission
is used just for comparison, which does not affect the analy-
ses of Galactic free–free emission in this work. Same as the
Galactic free–free emission, the self-absorption of Galactic
synchrotron becomes important in the optically thick region,
especially in the Galactic plane (Zheng et al. 2012). We show
the 150 MHz example Galactic synchrotron emission map
(10° × 10°) centred at (R.A., Dec.) = (0°, −30°) in Figure 2
(top right panel). The corresponding rms brightness temper-
atures of Galactic synchrotron emission at 120, 150, and 190
MHz are listed in Table 1, respectively.
2.3 Extragalactic Point Sources
Following our previous works (Wang et al. 2010, 2013; Li
et al. 2019) five types of extragalactic sources are simulated,
including (1) normal star-forming and starburst galaxies, (2)
radio-quiet active galactic nucleus (AGNs), (3) Fanaroff-Riley
type I (FRI) and type II (FRII) AGNs, (4) GHz-peaked spec-
trum (GPS) AGNs, and (5) compact steep spectrum (CSS)
AGNs. For the former three types we adopt the flux den-
sities, spatial structures, spectra, and angular clusterings
proposed by Wilman et al. (2008), while for the latter two
MNRAS 000, 1–16 (2020)
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Figure 1. The all-sky maps of (a) the observed F03 Hα intensity IobsHα (r), (b) E(B −V ) (Schlegel et al. 1998), (c) 100 µm (Schlegel et
al. 1998), (d) electron temperature Te(r) (Planck Collaboration X. 2016), (e) optical depth τc(r), and (f) the derived Galactic free–free
emission TGffb (r) at 150 MHz. All maps are shown in Cartesian projection (8640 × 4320) in equatorial coordinates on a logarithmic scale,
except for the Te(r) and τc(r) that are shown on a linear scale. The (R.A., Dec.) = (0°, 0°) is at the centre of each figure. The magenta
asterisk marks the centre of region A analyzed in Section 6, and the white and yellow asterisks show the centres of regions B and C (see
Section 7) for comparison.
Figure 2. The foreground maps at 150 MHz of (a) Galactic free–
free emission, (b) Galactic synchrotron emission, (c) Extragalactic
point sources, and (d) Masked extragalactic point sources. Each
map covers 10° × 10° sky region and each color bar is in units of
×103 mK.
types we employ the quantities by applying their correspond-
ing luminosity functions and spectral models (Wang et al.
2010).
The peeling strategy is employed for the brightest point
sources (masked extragalactic point sources, hereafter; e.g.,
Mitchell et al. 2008; Intema et al. 2009; Mort et al. 2017),
and we assume the flux S150 > 54 mJy is removed to keep the
relative appropriate dynamic range by following the previous
works (e.g., Liu et al. 2009; Pindor et al. 2011; Li et al. 2019).
The masked extragalactic point sources emission at 150 MHz
is also shown in Figure 1 (bottom right panel), compared
to the raw extragalactic point sources emission (the bottom
left panel of Figure 1), the rms brightness temperatures of
point sources are significantly reduced from (36.9, 8.38, and
2.97) × 107 mK to (34.37, 12.88, and 9.16) × 104 mK at 120,
150, and 190 MHz, respectively (see Table 1).
3 SIMULATION OF EOR SIGNAL
We simulate the brightness temperatures of the 21-cm
signal during the EoR using the semi-numerical Simfast2113
code (Santos et al. 2010; Hassan et al. 2016; H16 hereafter).
The Simfast21 generates a series of three-dimensional (3D)
cubes of evolved matter density, ionization, peculiar velocity,
and spin temperature fields that can be used to compute the
brightness temperature of the EoR signal. This code employs
13 https://github.com/mariogrs/Simfast21
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approximate methods to realize the physical processes (e.g.,
Lyα, X-ray, star formation ratio, etc) and shows a good agree-
ment with the fully numerical simulation. Our simulation
evolves from the initial redshift zi = 100 to the final redshift
zf = 5 on a 10243 box with physical dimensions of 1.63 comov-
ing Gpc3, which corresponds to a field of θx = θy ≈ 9.88°, a
pixel resolution of ∆θx = ∆θy ≈ 0.58′, and a frequency depth
of ∆ν ≈ 92.95 MHz. We compare the volume-weighted average
neutral hydrogen fraction and the corresponding ionized hy-
drogen fraction with the H16 simulation and some observed
constraints (e.g., Fan et al. 2006; F06 hereafter; Schroeder et
al. 2013; S13 hereafter; Schenker et al. 2014; S14 hereafter;
McGreer et al. 2015; M15 hereafter) in Figure 3 (left panel),
and find that our simulation shows the consistent result with
the H16 simulation and the observations. In Figure 3 (right
panel) we show the derived brightness temperatures of EoR
signal δT21
b
in the 67.6–236.7 MHz (z = 20–5) frequency band.
The outputs of Simfast21 are the 21-cm brightness tem-
perature cubes, which are known as the “coeval cubes” that
cannot be directly observed. Following the method outlined
in Mellema et al. (2006) and Datta et al. (2012), we create
the observable “light-core” object of the EoR signal based on
these “coeval cubes”. From the derived “light-core” object,
we extract three subsets with 51-channels (a channel width
of 160 kHz), and construct our final tiled data cube with
dimensions of (θx , θy , ∆ν) = (10°, 10°, 8 MHz). We present
the simulated sky maps of the EoR signal δT21b at 120 (z =
10.84; left panel), 150 (z = 8.47; middle panel), and 190 MHz
(z = 6.48; right panel) in Figure 4, and list the rms brightness
temperatures of δT21b in Table 1.
4 SIMULATION OF SKA OBSERVATION
To incorporate the instrumental effects (i.e., the instru-
mental noise and the beam) of radio interferometers, we
have employed the latest SKA1-Low layout configuration14
14 SKA1-Low Configuration Coordinates:
https://astronomers.skatelescope.org/wp-content/uploads/
2016/09/SKA-TEL-SKO-0000422_02_SKA1_
LowConfigurationCoordinates-1.pdf (released on 2016 May 31)
to simulate the SKA “observed” images. The SKA1-Low in-
terferometer layout includes 512 stations, with 224 stations
randomly distributing within the “core” region (1000 m in
diameter), and others scattering in “clusters” regions, which
form 3 spiral arms up to a radius of ∼35 km. Each station
includes 256 antennas, which are randomly distributed in a
circular region of 35 m in diameter with a minimum separa-
tion of dmin = 1.5 m (e.g., Mort et al. 2017).
We use the OSKAR15 (Mort et al. 2010) simulator to
perform SKA observations for 6 h to obtain the visibility data
based on both the foreground and EoR images (see Section
2 and Section 3). The simulated visibility data are then
imaged through the WSClean16 software (Offringa et al.
2014) using Briggs weighting with zero robustness to consider
both the noise level and the spatial resolution (Briggs 1995;
Thompson et al. 2017; Li et al. 2019), and the created images
are cropped to keep only the central regions to avoid the
insufficient CLEAN problem in the marginal regions. To
be specific, for frequency bands of 116–124, 146–154, and
186–194 MHz we choose to keep the central 6° × 6°, 5° × 5°,
and 4° × 4° regions, respectively, since the telescope’s field of
view (FoV) is inversely proportional to the frequency.
We apply the CLEAN algorithm with joined-channel
deconvolution (Offringa & Smirnov 2017) to create the fore-
ground cubes in each frequency band. For the EoR signal,
however, we directly use the dirty image to create the EoR
image because the CLEAN algorithm does not work well for
extremely faint emission. Hence we obtain the SKA“observed”
image cubes of EoR signal, Galactic synchrotron emission,
Galactic free–free emission, and the masked extragalactic
point sources in the 116–124, 146–154, and 186–194 MHz fre-
quency bands, which will be used to carry out the power
spectrum analyses.
15 OSKAR: https://github.com/OxfordSKA/OSKAR (version
2.7.0)
16 WSClean: https://sourceforge.net/p/wsclean (v2.6)
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Figure 3. The comparison of the volume-weighted average neutral hydrogen fraction between our simulation (red solid line) and H16
(green diamond marker), with the corresponding comparison of the ionized hydrogen fraction between our simulation (blue solid line) and
the observed constraints (the purple points and the black squares) proposed by F06, S13, S14, and M15 (left panel). The right panel
shows the brightness temperatures of EoR signal (green solid line) within 67.6–236.7 MHz (z = 20–5).
Figure 4. The simulated brightness temperatures of the EoR signal at 120, 150, and 190 MHz (z = 10.84, 8.47, and 6.48). The sky region
coverage is 10° × 10° and the color bar is in units of mK.
5 POWER SPECTRA AND EOR WINDOW
The redshifted 21-cm signals observed at different fre-
quencies are expected to form a 3D data cube, with two
spatial dimensions describing the transverse distances across
the sky and the one frequency dimension depicting the line-
of-sight distance. For each foreground emission cube, the
two angular dimensions describe the same sky coverage as
the EoR signal, but the one frequency dimension depicts
the emission distribution in the frequency space (i.e., spec-
trum), which is different from the EoR signal. The 3D power
spectrum P(kx, ky, kz ) is calculated from each image cube,
which is spherically symmetric within a limited redshift range
(∆z ∼ 0.5, when an 8 MHz frequency bandwidth is adopted).
The Blackman-Nuttall window function is applied to the
frequency dimension before calculating the P(kx, ky, kz ) to
suppress the significant side-lobes in the Fourier transform
(Trott & Tingay 2015; Chapman et al. 2016; Li et al. 2019).
The corresponding one-dimensional (1D) power spectrum
P(k) is calculated by averaging the P(kx, ky, kz ) in spherical
shells of radii k, which achieves a relatively higher signal-to-
noise ratio than the direct imaging observations (e.g., Morales
& Hewitt 2004; Datta et al. 2010). The dimensionless variant
of the 1D power spectrum ∆2(k) = P(k)k3/(2pi2) is employed
MNRAS 000, 1–16 (2020)
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in our work, as commonly adopted in the literature (e.g., Li
et al. 2019).
We further calculate the corresponding two-dimensional
(2D) power spectrum P(k⊥, k | |) by averaging the 3D power
spectrum P(kx, ky, kz ) over the angular annuli of radii k⊥ ≡√
k2x + k2y for each line-of-sight plane k | | ≡ kz . It is found that
in the (k⊥, k | |) plane the spectrally-smooth Galactic free–free
emission dominates the low-k | | region, but some purely angu-
lar (k⊥) modes of the foreground signals can be thrown into
the line-of-sight (k | |) dimension (called mode mixing), due to
the complicated instrumental and observational effects (e.g.,
chromatic primary beams, calibration errors). Consequently,
an expanded wedge-like contamination region appears at the
bottom right in the (k⊥, k | |) plane, which is known as the
foreground wedge (Datta et al. 2010; Morales et al. 2012; Liu
et al. 2014). The top left corner in the (k⊥, k | |) plane, on the
other hand, is almost free from the foreground contamination,
namely the EoR window, whose description was proposed by
Thyagarajan et al. (2013)
k | | ≥
H(z)DM(z)
(1 + z)c [k⊥ sinΘ +
2piw f21
(1 + z)DM(z)B ], (8)
where H(z) is the Hubble parameter at redshift z, DM(z) is the
transverse comoving distance, B = 8 MHz is the frequency
bandwidth of the image cube, w (∝ B) is the number of
characteristic convolution widths for the spillover region
caused by the variations in instrumental frequency response,
Θ is the angular distance of the foreground sources from the
field centre, and f21 = 1420.4 MHz is the rest frequency of
the 21-cm emission line.
6 RESULTS
To quantitatively evaluate the contamination, we calcu-
late the 1D power spectra and compare the power of Galactic
free–free emission with that of the EoR signal. Meanwhile, we
calculate the 2D power spectra and carry out the comparison
between the Galactic free–free emission and the EoR signal
inside the EoR window.
6.1 1D Power Spectra
We calculate the 1D dimensionless power spectra ∆2(k)
of EoR signal and foreground components from the image
cubes obtained in Section 4. The comparisons of the 1D power
spectra ∆2(k) between the Galactic free–free emission and
the EoR signal in the 116–124, 146–154, and 186–194 MHz
frequency bands are shown in Figure 5, in which we also
present the ∆2(k) of the Galactic synchrotron emission and
the masked extragalactic point sources (i.e., the case with the
brightest point sources removed) for comparison. It is obvious
that the contamination caused by the Galactic free–free emis-
sion is a function of position in the k-space, and the power
spectra show that the Galactic free–free emission is more lu-
minous than the EoR signal by about 103.5–102.0, 103.0–101.3,
and 102.5–101.0 times on scales of 0.1 Mpc−1 < k < 2 Mpc−1
in the 116–124, 146–154, and 186–194 MHz frequency bands,
respectively. These results show that the Galactic free–free
emission is a severe foreground contaminating component and
should be accurately removed in future low-frequency radio
experiments, such as the international SKA project. Indeed,
we can see clearly that the Galactic synchrotron emission
and the masked extragalactic point sources are the main con-
taminating sources on scales of 0.1 Mpc−1 < k < 2 Mpc−1 in
three frequency bands, whose power are more luminous than
that of the EoR signal by about 4 to 6 orders of magnitude.
6.2 2D Power Spectra
The 2D power spectra P(k⊥, k | |) of the EoR signal, Galac-
tic free–free emission, Galactic synchrotron emission, and
the masked extragalactic point sources are shown in Figure
6 (take 146–154 MHz frequency band for instance). We find
that the EoR signal distributes its power across all k | | modes,
which illustrates its rapid fluctuations along the line-of-sight
dimension, while the spectrally-smooth foreground compo-
nents dominate the low-k | | (k | | . 0.2 Mpc−1) regions. With
regard to the angular dimension (k⊥), the Galactic free–free
emission and Galactic synchrotron emission dominate the
power on scales of k⊥ . 0.5 Mpc−1, while the masked extra-
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Figure 5. The 1D power spectra ∆2(k) of the EoR signal (green solid line), Galactic free–free emission (magenta dashed line), Galactic
synchrotron emission (blue dashed line), and masked extragalactic point sources (red dashed line) in the (a) 116–124 MHz (left panel), (b)
146–154 MHz (middle panel), and (c) 186–194 MHz (right panel) frequency bands.
Figure 6. The 146–154 MHz 2D power spectra P(k⊥, k| |) of (a)
the EoR signal, (b) Galactic free–free emission, (c) Galactic syn-
chrotron emission, and (d) masked extragalactic point sources.
The white dashed lines mark the boundary between the EoR
window (top left) and the foreground wedge (bottom right). All
panels share the same logarithmic scale in units of mK2Mpc3.
galactic point sources distribute the power on scales of k⊥ .
1.0 Mpc−1.
To further quantify the contamination caused by Galac-
tic free–free emission when the foreground avoidance method
is adopted, we define an EoR window in the (k⊥, k | |) plane
according to Equation 8 with a w = 3 configuration and the
SKA1-Low’s FoV (i.e., Θ = 6°, 5°, and 4° in the 116–124,
146–154, and 186–194 MHz frequency bands, respectively) to
avoid the heavily contaminating foreground wedge (Figure 6
and Figure 7). We find that ∼50% power of the EoR signal
and ∼95% power of the Galactic free–free emission are lost
in the foreground wedge. We calculate the 2D power spec-
trum (amplitude squared) ratio R(k⊥, k | |), which is defined as
R(k⊥, k | |) = PGff(k⊥, k | |) / P21cm(k⊥, k | |), where PGff(k⊥, k | |)
and P21cm(k⊥, k | |) are the 2D power spectra of Galactic free–
free emission and the EoR signal, respectively. As illustrated
in Figure 7, we find that the R(k⊥, k | |)  1 for much of the
region inside the EoR window, i.e. the contamination im-
posed by Galactic free–free emission on the EoR signal can be
ignored. However, the power leaked by Galactic free–free emis-
sion can still be significant, for the R(k⊥, k | |) is greater than
1 on angular scales of k⊥ & 0.5 Mpc−1, k⊥ & 0.8 Mpc−1, and
k⊥ & 1.0 Mpc−1 in the 116–124, 146–154, and 186–194 MHz
frequency bands, respectively. It is also shown that Galactic
free–free emission causes more serious contamination toward
lower frequencies (∼116 MHz) because of its relatively steep
spectral index (∼ −2.1).
To better constrain the contamination caused by the
Galactic free–free emission, by averaging the modes only
inside the above properly defined EoR window, we calculate
the 1D power spectrum ratios REoR(k) of Galactic free–free
emission to the EoR signal and present the results in Figure
8. We find that, compared to Figure 5, the 1D power ratio is
suppressed by about 3 orders of magnitude, which demon-
strates that the EoR window is a powerful tool for avoiding
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Figure 7. The 2D power spectra ratios R(k⊥, k| |) of Galactic free–free emission to the EoR signal in the (a) 116–124 MHz (left panel), (b)
146–154 MHz (middle panel), and (c) 186–194 MHz (right panel) frequency bands. The white dashed lines mark the EoR window boundary,
and the EoR window is above the white line. All panels share the same color bar on a logarithmic scale.
the strong foreground, as the REoR(k) on scales of 0.5 Mpc−1
are only about 6%, 2%, and 1% in the 116–124, 146–154,
and 186–194 MHz frequency bands, respectively. However,
the power of Galactic free–free emission leaked into the EoR
window can not be ignored, since the REoR(k) can be up to
about 200%, 60%, and 15% on scales of 1.2 Mpc−1 in three
frequency bands, respectively. Based on the above calcula-
tions, we conclude that the Galactic free–free emission is a
non-negligible contaminating foreground component for EoR
observations. Even within the EoR window where most of
the strong foreground contamination is avoided, the EoR
signal can still be contaminated by the Galactic free–free
emission, especially toward lower frequencies (∼116 MHz).
7 DISCUSSION
7.1 Impacts of Sky Positions
It is generally known that the above analyses will vary
region-to-region and the foreground at lower latitudes will
impose the severer contamination on the EoR signal. To
measure the impact of sky positions, following the work of
Sims et al. (2016), we choose two other (10° × 10°) sky regions
centred at (R.A., Dec.) = (50°, −30°) corresponding to (l, b)
= (227°, −57°) (region B) and (R.A., Dec.) = (310°, −30°)
corresponding to (l, b) = (14°, −35°) (region C). The regions
B and C show the same declinations (different latitudes) as
Figure 8. The 1D power ratios REoR(k) inside the EoR window
of Galactic free–free emission to the EoR signal. The magenta,
cyan, and yellow solid lines show the ratios in 116–124, 146–154,
and 186–194 MHz frequency bands, respectively.
region A and are preferred to perform SKA simulation. The
rms brightness temperatures of Galactic free–free emission at
150 MHz for regions B and C are 619 mK and 411 mK, respec-
tively. The 146–154 MHz 1D power spectra ∆2(k) of Galactic
free–free emission in regions B and C are calculated and
compared with the ∆2(k) in region A centred at (R.A., Dec.)
= (0°, −30°) in Figure 9 (top left panel). We find that the 1D
power spectra ∆2(k) of regions B and C are about 101.5 and
101.0 times more luminous than that of region A on scales
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Figure 9. (a) The 146–154 MHz 1D power spectra ∆2(k) of Galactic
free–free emission in regions A, B, and C (magenta dashed, dotted,
and dashed-dotted lines, respectively), and the EoR signal (green
solid line). (b) The corresponding 1D power ratios inside the
EoR window REoR(k) of Galactic free–free emission to the EoR
signal in regions A, B, and C (cyan, yellow, and magenta solid
lines, respectively). (c) The corresponding 2D power spectra ratios
R(k⊥, k| |) of Galactic free–free emission to the EoR signal in region
B. (d) The corresponding R(k⊥, k| |) in region C. The lower two
panels are shown on a logarithmic scale, and the white dashed
lines mark the EoR window boundaries.
of 0.1 Mpc−1 < k < 2 Mpc−1, respectively. In addition, for
regions B and C, we calculate the 1D power ratios REoR(k)
of Galactic free–free emission to the EoR signal by averaging
the modes only inside the properly defined EoR window and
show the results in Figure 9 (top right panel). Compared
to the result of region A (cyan solid line), we find that the
Galactic free–free emissions in regions B and C cause severer
contamination on the EoR signal, for the REoR(k) there can
be up to about 500%–12 000% and 20%–400% on scales of
0.5 Mpc−1 . k . 1.2 Mpc−1 in the 146–154 MHz frequency
band, respectively. We further calculate the 146–154 MHz 2D
power spectra ratios R(k⊥, k | |) of Galactic free–free emission
to the EoR signal in regions B and C and present the re-
sults in Figure 9 (bottom panels). It is clearly shown that,
compared to the R(k⊥, k | |) in region A, the R(k⊥, k | |)  1 for
most modes in regions B and C, especially on scales of k⊥
& 0.5 Mpc−1, meaning that the Galactic free–free emissions
in regions B and C have a greater impact on the EoR detec-
tion, which is consistent with the analyses of the 1D power
spectra (top left panel) and the 1D power ratios inside the
EoR window (top right panel).
7.2 Impacts of Frequency Artifacts
The obtained image cubes may exist the frequency arti-
facts due to miscalibration and various instrumental effects.
To effectively simulate the bandpass gain errors (i.e., miscali-
bration of the bandpass), we multiply each image of the 3D
image cube by a random number generated from a Gaussian
distribution with unity mean (Chapman et al. 2016; Li et al.
2019). We then evaluate the impact of the frequency artifacts
on the power spectrum by comparing the power spectrum
calculated from the modified image cube with that derived
from the original case. The residual calibration error in the
frequency channels has been proved to be about 0.1%–1%
(e.g., Barry et al. 2016; Ewall-Wice et al. 2017), and two
extreme cases are investigated, i.e., frequency artifacts of
amplitude Aarti = 0.1% and Aarti = 1% are realized by setting
σ = 0.001 and σ = 0.01 for their Gaussian distributions,
respectively.
To estimate the impact of frequency artifacts on the
Galactic free–free emission, we calculate the 2D power spec-
trum ratio Rarti(k⊥, k | |) of the artifact image cube to the orig-
inal case (Section 6), and present the Rarti(k⊥, k | |) with either
Aarti = 0.1% or 1% in the 116–124, 146–154, and 186–194 MHz
frequency bands in Figure 10. We find that the 2D power
spectra of Galactic free–free emission are seriously damaged
by the frequency artifacts, i.e., on scales of k⊥ . 0.2 Mpc−1
and k | | & 0.2 Mpc−1, adding Aarti = 0.1% causes the power
of Galactic free–free emission to be about 4, 3, and 2 times
stronger in the 116–124, 146–154, and 186–194 MHz frequency
bands, respectively, and the corresponding increasing powers
are about 400, 300, and 200 times for Aarti = 1%. Mean-
while, we test the impact of frequency artifacts on other
foreground components and find that the power of Galac-
tic synchrotron emission becomes about 2.3, 1.3, and 1.1
times stronger for Aarti = 0.1% and about 100, 40, and 30
times stronger for Aarti = 1%, and the power of the masked
extragalactic point sources will be about 6, 4, and 3 times
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Figure 10. The 2D power spectrum ratios Rarti(k⊥, k| |) of Galactic free–free emissions that are derived from the artifact image cubes and
the original ones. The upper and lower rows show the Rarti(k⊥, k| |) when frequency artifacts are Aarti = 0.1% and Aarti = 1%, respectively.
The left, middle, and right columns show the Rarti(k⊥, k| |) in the 116–124, 146–154, and 186–194 MHz frequency bands, respectively. The
dashed white lines mark the EoR window boundaries. All panels share the same color bar on a logarithmic scale.
stronger for Aarti = 0.1% and about 800, 600, and 400 times
stronger for Aarti = 1% on the same scales in three frequency
bands, respectively. We also evaluate the same effects on the
EoR signal by adding Aarti = 0.1% and 1% to the EoR image
cube, but find that the variation of EoR 2D power spectrum
caused by the frequency artifacts can be ignored. As a re-
sult, even a tiny (∼0.1%) uncertainty of instrumental error
or miscalibration can make the contamination of Galactic
free–free emission become much stronger, particularly inside
the EoR window. All the above analyses further support our
conclusion that Galactic free–free emission is an important
foreground component and needs to be carefully removed in
the forthcoming EoR detections.
7.3 Impacts on Component Separation
The Galactic free–free emission shows an impact on
the separation of EoR signal, which can also be used to
constrain the component separation of Galactic diffuse radia-
tion (including both the synchrotron and free–free emissions;
Tegmark 1998; Delabrouille et al. 2013). The blind and the
parametric fitting methods are the two major methods pro-
posed to tackle the component separation problems (i.e., Ben-
nett et al. 2003; de Oliveira-Costa et al. 2008; Delabrouille et
al. 2013; Planck Collaboration XII. 2014; Zheng et al. 2017;
Thorne et al. 2017). The blind method (i.e., independent com-
ponents analysis; ICA; Maino et al. 2007) will be complicated
by the Galactic free–free emission, especially in the power
spectra k-space, since its power is more luminous than that of
the EoR signal by about 3 orders of magnitude. For the para-
metric fitting, the Planck Collaborations17 have provided a
powerful algorithms, Commander18, which is for joint CMB
estimation and component separation in parametric fitting
via Gibbs sampling (Planck Collaboration XII. 2014; Planck
Collaboration XXIII. 2015; Planck Collaboration XXV. 2015;
Planck Collaboration X. 2016; Planck Collaboration IX. 2016;
17 http://www/esa.int/Planck
18 https://commander.bitbucket.io
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Planck Collaboration XIII. 2016). Moreover, the Galactic
free–free emission acts to flatten the spectra index (i.e., from
the original value ∼ − 2.7 at 150 MHz to ∼ − 2.5 due to the flat
spectral index ∼ − 2.1 of Galactic free–free emission) when
adopting the parametric fitting method, so that an extra
term (i.e., more parameters) should be needed to take this
component into account.
8 SUMMARY
We have evaluated the contamination of Galactic free–
free emission on the EoR signal detection, for which we
have incorporated the latest SKA1-Low layout configuration
to take the instrumental effects into account. By compar-
ing the power spectra between Galactic free–free emission
and the EoR signal as well as Galactic synchrotron emis-
sion and masked extragalactic point sources in the 116–124,
146–154, and 186–194 MHz frequency bands, we have shown
that the Galactic free–free emission causes severe contamina-
tion on the EoR signal, especially toward lower frequencies
(∼116 MHz). In addition, we have estimated the effects of
sky positions and frequency artifacts, both of which further
support our conclusion that even inside the properly defined
EoR window the Galactic free–free emission is still a non-
negligible contaminating source and should be carefully dealt
with in future EoR experiments. Moreover, we discuss the
impact of Galactic free–free emission on the component sep-
aration, which will complicate the blind method and act to
flatten the spectra index (∼ − 2.5) for the parametric fitting
method.
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